1. How the local density of territorial animals responds to changes in food abundance will depend on the flexibility of territory size. Quantitative estimates of territory size over a broad range of food abundance are relatively rare because of the difficulty of measuring food abundance in the wild.
| INTRODUCTION
How changes in food abundance affect population density is a fundamental question in ecology (Krebs, 2002; Sherratt & Wilkinson, 2009; Sutherland et al., 2013) . Mobile animals should respond to a temporary, local increase in food abundance by moving into favourable habitats-these aggregations are part of the numerical response of a population to increases in resources (Holling, 1959) . Such variation in animal density within a population can be predicted by the ideal free distribution based on differences in food abundance among habitats; in particular, the input matching rule predicts that the number of foragers will be directly proportional to the renewal rate of food in each habitat (Fretwell & Lucas, 1970; Tregenza, 1994) . Although predation (Erlinge et al., 1984; Salo, Banks, Dickman, & Korpimäki, 2010) , interspecific competition (Keddy, 1989 ) and a harsh environment (Andrewartha & Birch, 1954; Elliott, 1987) can affect population density, experiments that increase food abundance typically result in a 1.5-to 2-fold increase in local population density, primarily via immigration (Boutin, 1990; Prevedello, Dickman, Vieira, & Vieira, 2013) .
While these experimental increases in food availability are thought to be large, the relative increases are unknown because of our inability to measure the baseline food abundance in many ecological systems (Boutin, 1990; Prevedello et al., 2013) . The difficulty in measuring food abundance in the wild may account for the lack of any general rules about how population density scales to food abundance, despite more than 138 food addition experiments in terrestrial vertebrates (Boutin, 1990; Prevedello et al., 2013 ).
Whether or not animals are territorial may add an extra level of complexity to the relationship between population density and food abundance (López-Sepulcre & Kokko, 2005) . How the number of settlers in a patch responds to changes in food abundance will depend on the flexibility of territory size, which is predicted to decrease with increasing food abundance (Hixon, 1980; Schoener, 1983) . While this prediction has been supported in a wide variety of organisms (for a review, see Adams, 2001) , the degree to which territory size decreases varies markedly across species and populations (Adams, 2001; Grant, 1997) .
At one extreme, if territories are extremely compressible, then a population may respond to an increase in food abundance in a manner identical to a non-territorial population (Fretwell & Lucas, 1970; Huxley, 1934) . In this scenario, a doubling of food abundance results in halving of territory size, such that the log-log relationship between the two variables has a slope of −1.0. This type of relationship occurs in rufous hummingbirds Selasphorus rufus during their autumn migration, when they adjust the size of their territories to defend a fixed amount of food (Davies & Houston, 1984; Gass, Angehr, & Centa, 1976; Kodric-Brown & Brown, 1978 ; see also male surfperch Embiotoca jacksoni Grant, 1997; Hixon, 1981) . The adjustment of territory size to secure a fixed amount of food (i.e. a log-log slope of −1.0) would mean that the number of organisms in a patch would follow the input matching rule-the number of settlers would be directly proportional to food abundance across patches or to changes in food abundance within patches.
At the opposite extreme, if territory size is fixed, then an increase in the abundance of food or other crucial resources would have no effect on population density (Grant & Kramer, 1990; Rodenhouse, Sherry, & Holmes, 1997) , resulting in a slope of 0 in a log-log plot between territory size and food abundance. Intermediate between these two extremes is the elastic disc model (sensu Huxley, 1934) , where territory size is initially compressible but gradually approaches an asymptotic minimum size (e.g. Lindeman, Grant, & Desjardins, 2015; Wood, Grant, & Belanger, 2012) . Depending on the range of environmental conditions in any particular study, the elastic disc model will result in a slope of anywhere between −1 and 0. Both fixed and asymptotic minimum territory sizes will have a density-limiting effect on local population density (sensu Fretwell & Lucas, 1970) . Examples of this density-limiting effect of territoriality occur in guanacos Lama guanicoe (Marino, Rodríguez, & Pazos, 2016) , coral reef fish (Norman & Jones, 1984; Tricas, 1989) , mammals with altricial young (Wolff, 1997) , breeding birds (Newton, 1992) and red grouse Lagopus lagopus scoticus (Martínez-Padilla, Redpath, Zeineddine, & Mougeot, 2014) .
Stream-dwelling salmonids are an excellent model system for investigating the relationship between food abundance and territory size. Juveniles are sufficiently small to permit experimental tests of the response of territory size to changes in food abundance in both field and laboratory conditions. Furthermore, they feed primarily on drifting aquatic invertebrates (Hughes & Dill, 1990; Keeley & Grant, 1997) , which can be measured, manipulated and directly related to the abundance of food used in experimental laboratory studies (Keeley, 2000) . While food supplementation is a relatively common experimental procedure for a wide variety of organisms in the wild, measuring the actual amount of food before or after manipulation has been problematic (see Boutin, 1990; Prevedello et al., 2013) . Juvenile salmonids typically defend territories in predictable locations in streams that provide the highest net energy intake, the difference between the amount of drifting food delivered by water currents and the energetic costs of maintaining position in those currents (Chapman, 1966; Fausch, 1984; Hughes & Dill, 1990) . This territorial behaviour has long been implicated in the regulation of stream salmonid populations (Chapman, 1966; Elliott, 1990; Grant & Kramer, 1990; Titus, 1990) , which are important both economically and culturally. Territory size was initially thought to be relatively inflexible, leading to a strict upper limit to population density (e.g. Allen, 1969; Chapman, 1966) . Subsequent studies indicated that territory size decreases with increasing food abundance (Dill, Ydenberg, & Fraser, 1981; Slaney & Northcote, 1974) , leading some to suggest that territory size was sufficiently flexible to allow residents to maintain a relatively constant amount of food in the face of environmental change, which would correspond to a log-log slope of −1.0 (Marschall & Crowder, 1995; McFadden, 1969) .
These results have important implications for salmonid restoration projects, which often attempt to increase juvenile recruitment by increasing the productivity of freshwater ecosystems (Johnston, Perrin, Slaney, & Ward, 1990; Mason, 1976) . While the fertilization of freshwater ecosystems has dramatic effects on the growth and survival of individual fish, the effects on population density remain equivocal (Collins, Baxter, Marcarelli, & Wipfli, 2016; Deegan & Peterson, 1992; Grant, Steingrímsson, Keeley, & Cunjak, 1998; Johnston et al., 1990; Morley et al., 2016 ). An informal analysis based on a small sample size suggested that territory size was relatively insensitive to changes in food abundance (Grant et al., 1998) . Since then, many new studies have been completed, with often mixed results (e.g. Imre, Grant, & Keeley, 2004; Nicola, Ayllón, Elvira, & Almodóvar, 2016; Toobaie & Grant, 2013) . Hence, a formal meta-analysis of the available literature would quantify how food abundance affects territory size and provide insights into how territorial behaviour mediates the numerical response of salmonid populations to changes in food abundance.
Our goal was to test the general prediction that an increase in food abundance causes a decrease in the territory size of juvenile salmonid fish in streams. More specifically, we tested the competing predictions regarding the slope of the relationship between log territory size and log food abundance: territory size is (1) inflexible, resulting in a slope of 0; (2) flexible, driven by the defence of a fixed amount of food, resulting in a slope of −1.0; or (3) somewhat compressible, resulting in a slope between −1.0 and 0. Furthermore, we suggest that quantitative results from an ideal territorial system, such as stream salmonids, may provide general insights into how territoriality can dampen changes in local population density in response to changes in food abundance.
| MATERIALS AND METHODS
Using the Web of Science and the search terms territory size* salmon and territory size* trout, we found 188 and 211 papers in the primary literature between 1979 and 2017 respectively. To be included in our analysis, a paper had to have measured or manipulated food abundance while monitoring the territory size of juvenile salmonids in either laboratory or field conditions. Based on these search criteria, we found 13 papers with data for our analysis (see below). We then used the references from these 13 papers to identify three papers published prior to 1979 with suitable data.
We used the correlation coefficient or partial correlation coefficient between territory size and food abundance as our effect size T A B L E 1 Studies used in the meta-analysis and their effect size (r), the Pearson's correlation coefficient of changes in territory size in relation to food abundance in juvenile salmonids (neither variable transformed), the sample size (either number of territories or treatments, see Notes) and p-value for r. Study type refers to L = experimental studies in stream channels and F = observational field studies Territory size for each of 7 fish in 3 food levels (r), after Fisher's z transformation (Harrison, 2011; Lipsey & Wilson, 2001 Table 1 ). These data were used in a meta-analysis to determine the overall effect of changes in food abundance on territory size. To test for any obvious effects of phylogeny and water temperature, we plotted effect size by genus and mean water temperature.
To complement the meta-analysis, we also extracted data from each study to use a mixed-modelling approach that considered the influence of food abundance, population density (number/m 2 ) and body length (fork length in cm, the tip of the snout to end of middle caudal fin rays) on the change in territory size. Because the purpose of this analysis was to estimate the slope of the log territory size vs. log food abundance relationship, all data were log-transformed before analysis.
Of the 16 studies included in the meta-analysis, four were excluded from the mixed models: Symons (1971) did not quantify actual food abundance, but rather qualitatively reported that the "high" was 10 times higher than the "low" ration; Dill (1978) and Nicola et al. (2016) quantified food as individual items rather than mass; and Dill et al.
(1981) did not include an estimate of density. In addition, Keeley and Grant (1995) tested fish of two different age classes that were treated separately in the mixed models to reflect how they were reported in the original paper. This procedure resulted in a total of 13 studies that were included in the analysis as random variables. Food abundance was standardized across studies as the dry weight in grams of food per hour flowing over the cross-sectional area of the territory prorated to 1 m 2 . Because the studies included both stream tank experiments and observational field studies, we described differences in our predictor variables between the two types of studies using weighted t tests (t tests based on weighted means; r package "weights, " Pasek, 2016) .
Study type (stream tank experiments vs. field observations) was also included as a fixed factor in our mixed models, which are described below.
Our mixed model included the random effect of study and the additive fixed effects of food abundance, population density and body length. We first fit a full model that included all three fixed variables and the random effect of study that had correlated slopes and intercepts with respect to food abundance. We then reduced the model starting with the random effect and assessed models based on corrected AIC (AIC c ; Akaike information criterion, corrected for sample size). If the change in AIC c between models differing by one parameter was 2 or more, we chose the simpler model as the best one. After assessing the random component of our model in this manner, we then reduced the fixed effects in a similar way. Analyses were carried out in R 3.2.1 (R Core Team, 2015) using the lmer package (Bates, Maechler, Bolker, & Walker, 2015) . Results of the assessment of the random effects structure are in Table S1 .
| RESULTS
We compared our predictor variables between studies conducted in stream tanks vs. the wild using weighted t tests, based on weighted 
| Meta-analysis
Overall, territory size decreased with increasing food abundance, based on the data collected from 16 papers ( Table 1 ). The correlation coefficient between territory size and food abundance was negative in 13 of 16 cases, and was reported as significantly negative (p < .05) in 7 of these 13 cases. The standardized effect sizes ± SE are shown in There was no evidence of a publication bias in our dataset (see Harrison, 2011) . A funnel plot indicated that the effect sizes were distributed symmetrically around the mean effect size and that the variability of effect size decreased with increasing sample size ( Figure S2 ; sample sizes are described in Table 1 ). Furthermore, effect size was not correlated with sample size (r 14 = −.149, p = .58).
| Mixed-effects models
The mixed-effects models indicated that territory size decreased with food abundance, which is consistent with our meta-analytical result.
In addition, body length had a positive relationship with territory size, whereas density was not a significant predictor in our models (Table 2) .
When all data were included, study type was also not a significant factor influencing territory size, despite a higher average territory size in field studies ( weighted t test: t 9.9 = 2.50, p = .03; Figure 2 ). The estimate of the loglog slope of the relationship between territory size and food abundance in our mixed model was −0.23 (Table 3) .
| DISCUSSION
As predicted by optimality models, the territory size of stream salmonids decreased significantly with increasing food abundance in both field and laboratory studies. The mean correlation coefficient of −0.31 corresponds to a moderate effect size (sensu Cohen, 1992) . However,
given that the average correlation coefficient in meta-analyses in ecology and evolution is only 0.18 (Møller & Jennions, 2002) , our result may be better described as a moderate-to-large effect.
While increasing food abundance had a negative effect on territory size, the slope of the relationship was only −0.23, significantly greater and less than the predicted slopes of −1.0 and 0 respectively. Our result was also significantly shallower that the slope of T A B L E 2 Summary of mixed model analysis of territory size for the fixed effects. AIC c is the Akaike information criterion corrected for sample size, ΔAIC c is the difference between a given model and the best model (indicated in bold) and ω i is the relative weight of a model compared to other models. Models are arranged by increasing AIC c F I G U R E 2 Individual regressions from the 13 studies used in the mixed model analysis. Dashed black lines are field studies and solid lines are stream tank experiments. Each regression is based on full models within studies controlling for effects of body size and density by holding them constant or using the average to calculate the intercept for the territory size vs. food abundance (dry weight per cross-sectional area of the territory) relationship. The thick grey line is the slope of the overall effect of food abundance in the mixed model T A B L E 3 Estimates for fixed effects in the best mixed model analysis of territory size; all variables were log-transformed −0.434 (±0.151) from a preliminary study based on data from only three studies (Grant et al., 1998) . Because the abundance of drift may be directly proportional to the diameter rather than the area of a territory (i.e. the cross-sectional area of a territory; Grant & Noakes, 1987) , the predicted slope for a stream salmonid attempting to defend a fixed amount of food might actually be −2 rather than −1. This steeper predicted slope reinforces our suggestion that salmonid territory size is relatively inflexible. The estimated slope of −0.23 is consistent with the elastic disc model (Huxley, 1934) , and has clear implications for those interested in increasing salmonid abundance using a bottom-up approach (e.g. Deegan & Peterson, 1992) . If space is limiting and local density is set by territory size, such as in shallow water habitats where fish occur in two-dimensional territorial mosaics (Grant & Kramer, 1990) , then doubling the abundance of food would lead to a decrease in territory size or an increase in local density of only 15%. Similarly, an increase in food abundance of 20 times would be required to reduce territory size by 50% and to potentially double local population density. This predicted response seems like a poor return on investment for the required magnitude of ecosystem manipulation, particularly
Fixed effects
given the dangers of the eutrophication of streams (Dodds, 2006) .
However, direct measurements of the responses of salmonid populations to increases in food abundance are more promising than our result suggests; on average, a doubling of food abundance led to a 39% increase in salmonid abundance (Grant et al., 1998) . These results were likely more promising for two reasons. First, increases in salmonid abundance reported by Grant et al. (1998) were mainly measured as changes in biomass and thus included both a functional and a numerical response-i.e. increases in the growth rate of individual fish and the number of settlers or survivors. Second, the biggest increases in the salmonid abundance occurred in low productivity streams where space was clearly not limiting (Grant et al., 1998) . Taken together, these results suggest that stream fertilization or food augmentation will only be an efficient mechanism for increasing the density of stream salmonid populations in nutrientpoor streams, where space is not limiting (e.g. Collins et al., 2016; Hyatt & Stockner, 1985; Morley et al., 2016; Stockner, Rydin, & Hyenstrand, 2000) .
Results of our mixed models did not indicate an effect of density on territory size, a surprising result given theoretical predictions (Hixon, 1980; Schoener, 1983) , and the findings of previous studies on salmonids (e.g. Keeley, 2000; Nicola et al., 2016; Wood et al., 2012 ) and other organisms (e.g. Myers, Connors, & Pitelka, 1979; Tricas, 1989) . We suspect our result was due to the types of studies included in our meta-analysis. Because few studies have simultaneously manipulated both food abundance and population density, only four studies in our dataset manipulated population density (Keeley, 2000; McNicol & Noakes, 1984; Nicola et al., 2016; Wood et al., 2012) . A complementary analysis of the effect of population density, at the expense of studies manipulating food abundance, would likely show a strong effect of density on territory size. We did find a positive relationship between fish length and territory size in our overall analysis, a result that was expected based on previous studies (e.g. Elliott, 1990; Grant & Kramer, 1990; Keeley & Grant, 1995 (Keenleyside, 1979) . In such a social system, the territory size of a resident is not only just the result of an individual decision but also depends on the collective decisions of neighbours (Adams, 2001) . Hence, population density will likely change more slowly in salmonids in response to environmental changes than in organisms that defend non-contiguous territories (Eberhard & Ewald, 1994) , temporary territories (Davies & Houston, 1984) or are not territorial at all (López-Sepulcre & Kokko, 2005) .
In these examples, space use is likely more fluid than in a territorial mosaic, and may exhibit a slope of −1.0 in response to changes in food abundance.
Unlike many territorial mosaic social systems, juvenile salmonids in streams typically defend non-permanent territories that are exclusively for feeding purposes. Because habitat requirements change with body size (Keeley & Grant, 1995) , these territories increase in size and shift to deeper, faster water during the summer growing season (Keeley & Grant, 1995; Steingrímsson & Grant, 2003) . By contrast, most territorial mosaics comprise all-purpose territories (i.e. type A, sensu Wilson, 1975) that are either defended permanently, such as in coral reef fish, small mammals (Ostfeld, 1990; Wolff, 1997) and carnivores (Kittle et al., 2015) , or for the duration of one or more breeding seasons, as in most birds (Wilson, 1975) . In these more permanent territories, we might expect greater social inertia than in salmonid social systems (e.g. Krebs, 1971; McDougall & Kramer, 2007) and a shallower slope than −0.23. For instance, breeding bird densities increased in only 6 of 12 cases in response to food supplementation (Boutin, 1990) , perhaps because of the density-limiting effect of territoriality.
Overall, food supplementation, the amount of which is typically unknown, led to an average increase in density of 1.5-2 times in small mammal (Prevedello et al., 2013) and terrestrial vertebrate (Boutin, 1990) increase the population density by about 25 times, given basic energetic requirements. However, the small mammal populations in their study increased by only 1.39 times (Prevedello et al., 2013) . Because the influx of predators likely constrained the increase in density in some studies, when we included only those experiments that simultaneously reduced predator abundance, then the increase in density was 2.8 times (Prevedello et al., 2013) . These data would suggest a log-log slope of density vs. food abundance of between −0.10 and −0.32 for small mammals. Hence, the slope of −0.23 for stream salmonids might be a useful starting point for predicting the response of other taxa to changes in food abundance, in the absence of strong quantitative data.
Territorial behaviour appears to play an important role in mediating the influence of changes in food abundance on local population density and eventually population size. The relevance of our results for other taxa must await further study. A possible approach might compare how the density of territorial vs. non-territorial populations responds to food supplementation.
